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Fatigue strength of several dental
ceramics indicated for CAD-CAM
monolithic restorations

Abstract: This in vitro study evaluated the fatigue strength of different
ceramic materials indicated for monolithic restorations. Disc-shaped
specimens were made according to ISO 6872 from five different ceramic
materials: feldspathic ceramic (FC), polymer-infiltrated ceramic network
(PIC), lithium disilicate glass-ceramic (LD), zirconia-reinforced lithium
silicate glass-ceramic (ZLS), and high translucent tetragonal zirconia
polycrystals doped by yttrium (YZ-HT). After obtaining the mean of
each material (n = 5) from monotonic load-to-failure tests, specimens
(n = 20) were subjected to fatigue tests (staircase method) using a biaxial
flexural setup (piston-on-three-balls), to determine the fatigue strength.
The parameters used for fatigue tests were: 100,000 cycles at 10 Hz, initial
load of ~ 60% of mean load-to-failure, and step size of 5% of the initial load
(specific for each ceramic material). Kruskal-Wallis and Bonferroni’s test
(a = 0.05) were used to analyze the fatigue strength data. Fatigue strength
(MPa) of the materials was statistically different among each other as
follows: YZ-HT (3702 +38.7) > LD (1752 + 7.5) > ZLS (152.1 £ 7.5) > PIC (81.8
£ 3.9) > FC (50.8 £ 1.9). Thus, it can be concluded that, in terms of fatigue,
high translucent polycrystalline zirconia is the best choice for monolithic
restorations as it bears the highest load before cracking/fracturing.

Keywords: Ceramics; Computer-Aided Design; Dental Materials;
Dental Porcelain.

Introduction

Over the last decades, a shift toward metal-free restorations has been
observed in dentistry. To meet the increased demands of patients and
dentists in terms of esthetics, biocompatibility, and long-term survival of
the restorations, several types of all-ceramic systems have been developed,
from glass ceramics to zirconia polycrystal materials.'?

The main intent of the industry is to refine the composition and
microstructure of the ceramic materials to produce a tougher ceramic
without compromising esthetics.’ The lithium disilicate IPS e Max (Ivoclar
Vivadent) falls into this category, having strong needle-like crystals
embedded within a glassy matrix* that mimics the appearance of enamel
and works well for crown applications.>* Among the newer ceramics, the
materials based on lithium silicate reinforced by zirconium oxide (such as
Suprinity, Vita Zahnfabrik, Bad Sackingen, Germany; Celtra Duo CAD,
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Degudent GmbH, Hanau; Wolfgang, Germany) and
glass-ceramic infiltrated by polymer, also known
as hybrid ceramic, should be mentioned (such as
Enamic, Vita Zahnfabrik).? Although highly esthetic,
these ceramic materials are rich in silica content
and are not as strong as materials based on dense
zirconia polycrystals; hence, they are less suitable
when high stress concentrations must be endured.”
Vita YZ HT (Vita Zahnfabrik) is a ceramic based on
yttrium-stabilized tetragonal zirconia polycrystals
(Y-TZP), which is microstructurally different from its
predecessor material (Vita In-Ceram YZ). The changes
ensure greater translucency compared with opaque
zirconia materials used for frameworks, in addition to
the higher mechanical properties.®’ In general, all of
the aforementioned materials have been indicated for
all-ceramic monolithic restorations, and are available as
pre-fabricated blocks for CAD-CAM (computer-aided
design/computer-aided manufacturing) systems.

The bilayer system (zirconia + glass-ceramic
veneering material) is susceptible to chipping, and
the cracks usually initiate at the interface between
the ceramic core and the veneer.’ In addition, other
drawbacks are the weak bonding between the core
and the veneer and/or the residual tensile stress
developed during the process of veneering." Thus,
monolithic crowns have been indicated mainly
to prevent this type of failures and have shown
improvements in performance and esthetics (due
to excellent optical properties).'’**

Aiming to reproduce the clinical condition (presence
of moisture and mechanical loading) and predict the

Table 1. Materials used in this study.

Material Commercial brand

Feldspathic ceramic (FC) VITABLOCS Mark I

Polymer-infiltrated ceramic network (PIC) VITA Enamic
Zirconia-reinforced lithium silicate -
glass-ceramic (ZLS) VITA Suprinity
Lithium disilicate glass-ceramic (LD) IPS e.Max CAD

High translucent yttrium partially stabilized

tetragonal zirconia polycrystals (YZ-HT) Zirconia YZ HT

“Values based on findings of Ramos et al.’; ®Value based on findings of Della Bona et al.'8; Value based on findings of Borba et al.'”
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mechanical behavior, restorative materials have been
subjected to laboratorial fatigue tests by the application
of cyclic loads.” Dental ceramics with different
compositions, microstructures, and properties might
behave differently when exposed to fatigue loading.
Thus, to better understand their susceptibility to crack
propagation under intermittent loading, it is relevant to
compare the fatigue strength (fatigue behavior) of novel
ceramic materials indicated for monolithic restorations.

Therefore, the aim of the present study was to evaluate
the biaxial flexural fatigue behavior by the staircase
method of feldspathic ceramic, polymer-infiltrated
ceramic network, zirconia-reinforced lithium silicate
glass-ceramic, lithium disilicate glass-ceramic, and
yttrium partially stabilized tetragonal zirconia
polycrystals. The hypothesis tested was that the
materials (i.e., with distinct compositions) present
different fatigue strength results.

Methodology

The information about the ceramic materials used
in this study is described in Table 1.

Specimens Preparation

Disc-shaped specimens (n = 25; 5 for biaxial
monotonic load-to-failure test and 20 for biaxial
fatigue strength test) of five different ceramic materials
(Table 1) were produced according to ISO 6872.° The
ceramic blocks were water-ground into cylinders in
a polishing machine (EcoMet/AutoMet 250, Buehler;
Lake Bluff, EUA) with a #400 grit silicon carbide paper

Manufacturer

Vita Zahnfabrik

Vita Zahnfabrik

Vita Zahnfabrik

Ivoclar Vivadent

Vita Zahnfabrik

Mai " Batch Poisson’s
ain composition number ratio
SiO,, AlL,O;, Na,0, K,O, .
CaO, TO, 36710 0.23
SiO,, Al,O,, Na,O, K,O, "
B,O,, 71,0, CaO 48040 0.23
SiO,, Li,O, K,O, P,Os, .
A,O,, ZO,, CeO, 48150 0.23
SiO,. Li,O, K,O, MgO, .
O PO, D, ), TS B
ZrO,, Y,0,, AlL,O;, SiO,, 48980 0.3

Fe,O;, Na,O
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(3M, St Paul, USA), and cut (Isomet 1000, Buehler)
with a diamond saw under water cooling to produce
disc-shaped specimens.

The discs were polished down using a series of
silicon carbide papers (3M) of decreasing grit size
(#60, #120, #400, #600, and #1200 - 30 seconds per
grit paper). After, the samples were cleaned in an
ultrasonic bath (Vitasonic, Vita, Bad Sackingen,
Germany) with isopropyl alcohol for 5 min.

The ZLS and LD discs were crystallized (Vita
Vacumat 6000MP; Vita), and the YZ-HT discs were
sintered (Vita Zyrcomat; Vita), as recommended
by the manufacturer. The final dimensions of the
specimens were 12 mm in diameter and 1.2+ 0.02 mm
in thickness.

Monotonic biaxial load-to-failure tests

Five samples of each group were tested in a
universal testing machine (EMIC DL-2000; Sao José dos
Pinhais, Brazil) for monotonic biaxial flexural strength
according to ISO 6872% in a piston-on-three-ball setup
under water, and flexural strength was calculated
as previously described by Pereira et al.'® Poisson’s
ratios used for each ceramic material are described
in Table 1, and based in previous studies.'%1

Biaxial fatigue strength tests

The biaxial fatigue strength was determined
by the staircase approach (100,000 cycles at 10 Hz)
conducted in an electric machine (Instron Electro
Puls E3000, Instron Corporation; Norwood, United
States) using a piston-on-three-balls setup under
water, also according to ISO 6872 The staircase
method, originally described by Collins,* has been
used in several studies.?*>%32

To perform the staircase test, the number of cycles
was previously set (100,000 cycles). The first specimen
was tested at a stress level lower than the maximum
stress supported by the materials in a corresponding
static test (60% of mean monotonic load-to-failure test
performed with the same assembly of the fatigue
test, in MPa), until it either failed or survived at the
predetermined cycles. A step size of approximately 5%
of the initial stress level (in MPa) for each group was
applied to the next specimen, either added or subtracted
according to survival or failure, respectively. This
procedure was repeated until at least 15 samples per
group were evaluated after the first reversal, which,
according to Collins,” is the minimum number of
specimens for a precise estimation using this approach.
The staircase approach results in a stair-like graph
according to the survival or failure of each specimen.

Fractography

The fractured specimens were observed under a light
microscope to determine the failure origin (Discovery
V20, Carl-Zeiss; Gottingen, Germany). Representative
samples were further examined under a scanning
electron microscope (up to 5000x magnification; Inspect
S50, FEI Company; Brno, Czech Republic).

Statistical Analysis

After rejecting normality and homogeneity, fatigue
strength values were submitted to Kruskal-Wallis and
Bonferroni’s post hoc test (a=0.05), by SPSS statistics 24.0.

Results

Table 2 presents the mean values obtained in
monotonic biaxial flexural strength tests, which

Table 2. Mean biaxial flexural strength (n = 5), initial fatigue strength, step size, fatigue strength data (in MPa) after 100,000
cycles, and the percentage comparison between monotonic and fatigue strength results.

Ceromic Mean biaxial flexural Initial fatigue strength
material strength

FC 76.8 MPa 46.0 MPa

PIC 130.0 MPa 78.0 MPa

ZLS 240.0 MPa 144.0 MPa

LD 295.2 MPa 177.0 MPa
YZ-HT 635.0 MPa 445.0 MPa

Different uppercase letters mean statistical difference.

increment

Step size Fatigue strength Decrease from monotonic
(Mean = SD) strength to fatigue strength (%)
2 MPa 50.8 = 1.9¢ 33.9
4 MPa 81.8 = 3.9° 37.1
7 MPa 152.1 = 7.5¢ 36.6
9 MPa 175.2 = 7.58 40.7
22 MPa 370.2 + 38.7* 41.7
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were used to determinate the initial strength and
step increment for fatigue tests. YZ-HT presented the
highest fatigue strength value and the lowest value

FC — Mean Fatigue Strength 50.8 MPa
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was presented by FC (Table 2). Figure 1 shows the
graphs of the staircase approach: survived samples
are represented by the blue shaded squares and
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95
<) 90
>3
< 85+
(o))
C
Q
& 804
o
=]
2
5 75
/A0 s e s B s s s e s s B B B B e e |
1 3 5 7 9 11 13 15 17 19
Specimen Number
D
LD — Mean Fatigue Strength 175.2 MPa
200
T
190
:
<
S 180
2
% 170
=)
=
& 160
ST R s s s s s s s e B S B S N |
1 3 5 7 9 11 13 15 17 19

Specimen Number

YZ-HT - Mean Fatigue Strength 370.2 MPa

460

440 :I
420
400 +
380 -

Fatigue Strength (MPa)

320
300 T T T T T T

360 -
340

Specimen Number

Figure 1. Staircase sensitive results after 100,000 cycles at 10 Hz. The lines indicate the mean fatigue strength, the blue shaded
elements indicate the surviving specimens, the purple indicate fractured specimens, and the red ones indicate the specimen on

which the staircase initiated according to Collins.
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Figure 2. Representative scanning electron microscopy images of the fractured discs subjected to fatigue test: (A) feldspathic ceramic,
(B) polymer-infiltrated ceramic network, (C) zirconia-reinforced lithium silicate glass-ceramic, (D) lithium disilicate glass-ceramic,
and (E) yttrium partially stabilized tetragonal zirconia polycrystals. The arrows indicate the direction of crack propagation. The crack
origins (O), mainly semi-elliptical flaws on the surface, and the surrounding hackle lines (H) are also displayed.
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failed samples, by the purple shaded squares. The
fractography showed that all the fractures initiated
at the side of the disk under tensile stress, opposite
to the load application site. Surface defects were the
main origin of fractures.

Discussion

High translucence yttrium stabilized tetragonal
zirconia polycrystals (YZ-HT) had the highest fatigue
strength, followed by lithium disilicate glass-ceramic
(LD), zirconia reinforced silicate glass-ceramic (ZLS),
polymer-infiltrated ceramic network (PIC), and
feldspathic materials (FC), in a decreasing order
(Table 2). Thus, the tested hypothesis was accepted,
since the ceramic materials for monolithic restorations
with different microstructures resulted in different
flexural fatigue strengths (Figure 1).

Our results are in agreement with previous
studies, justifying the use of the YZ ceramic for
restorations subjected to high stress concentration,
such as posterior crowns and multi-unit fixed partial
dentures.”?® Baladhandayutham et al.?® achieved
similar values when comparing fracture strength
between monolithic crowns of lithium disilicate (1.2
and 1.5 mm thickness) and zirconia crowns of 0.6
mm thickness, demonstrating a significantly higher
fracture strength for zirconia. Similarly, Johansson
et al.® reported higher fracture strength values for
two highly translucent YZ materials compared to
LD monolithic restorations.

The higher values for YZ-HT compared to the other
tested materials were expected, since a phenomenon
called transformation toughening takes place in dense
tetragonal polycrystalline zirconia materials doped
by yttrium when subjected to mechanical stimuli.
The tetragonal zirconia phase transforms to the
monoclinic phase, causing a local volume increase of
approximately 4%,” increasing the material strength.
This increase in volume counteracts crack propagation
by causing compression at the tip of the crack.

The traditional zirconia lacks translucency, resulting
in opaque restorations. The opacity is directly related
to the increase in thickness.?** To enhance zirconia
translucency, some strategies may be adopted, such as
removing any alumina from the zirconia composition,

6 Braz. Oral Res. 2018;32:e53

increasing the amount of cubic phase, and reducing
the grain size.” These alterations lead to a more
brittle, weaker material (provided by the addition of
cubic phase) that is susceptible to low temperature
degradation (due to removal of alumina),” which
may explain the lower strength results of the YZ-HT
group, compared to previous literature.??

The materials composed of lithium crystals
embedded in a glassy matrix (i.e., LD and ZLS
materials) obtained intermediate fatigue strengths
(lower than YZ-HT but higher than PIC and FC). Our
results are not in agreement with those of Elsaka et al.”
as they found higher mechanical properties (flexural
strength and fracture toughness) for ZLS compared
to LD. Although the manufacturer advocates that the
incorporation of zirconia crystals to ZLS composition
increases strength, a previous study could not prove
this effect,"” a result further endorsed in a study with
Raman spectroscopy and X-ray diffraction.* Despite
similarities in composition, LD and ZLS present
different slow crack growth coefficients (property that
controls the time in service of brittle materials) and
crack propagation patternsshowed by fractographic
analysis?, leading to the different fatigue strength
values found in this study.

The PIC showed higher fatigue resistance than
FC. The polymer network probably improved the
performance of the material, and the incorporated
crystals increased the resistance to fracture. The
PIC also presents higher elastic modulus, resulting
in higher damage tolerance® when compared to FC.
Both presented a low susceptibility to slow crack
growth,”” making these materials interesting from
a clinical longevity standpoint. In spite of the high
fatigue strength observed in our study, Belli et al.*
stated that the crystalline spectrum of PIC resembles
that of feldspathic ceramics, and that its inorganic
phase is composed mainly of pure glass, with a very
low fraction of crystalline reinforcement.

The fractography showed that all the fractures
initiated at the side of the disk under tensile stress,
opposite to load application site. Surface defects were
the main origin of fractures. Due to the microstructure,
the weaker materials (feldspathic and hybrid ceramics)
presented rather rough surfaces and subtle cracked
lines around the origins.®
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As study limitations, it should be mentioned
that the planar geometry (discs), the standardized
sample preparations, and the loading protocols do not
reproduce the clinical situation. However, our data
can provide information about fatigue behavior of
different materials. In addition, the fatigue tests were
performed under water; there are reports showing a
reduction in the flexural strength of ceramic materials
in water compared to testing in a dry environment, due
to corrosion of the ceramic by water molecules, leading
cracks to grow.**?* This aspect is directly associated
with the clinical failures of ceramic restorations.*
Even though cyclic accelerated fatigue is considered
an aggressive condition, Fraga et al.,” showed that
fatigue tests could be conducted with up to 20 Hz
without compromising fatigue data. In addition,
specimen geometry (crowns, bridges) can modify
stress and failure patterns, which was not evaluated
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